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Abstract
The impact of a biocontrol agent spreading from a point source on crop–weed interactions was modeled. The model encompassed: (i)
severity of crop–weed competition as aﬀected by a rust pathogen, (ii) velocity of spread of the rust pathogen, and (iii) density of infected
plants introduced in the weed population as starting points (inoculum sources) for an epidemic. The model was parameterized for a study
system encompassing the crop Daucus carota (carrot), the weed Senecio vulgaris (common groundsel), and its antagonist Puccinia lageno-
phorae. The parameters of (i) were estimated in a greenhouse study using a response-surface design. Estimates of the parameter of (ii)
were obtained from the literature. The density of infected plants (iii) was varied to simulate crop loss as function of density. Simulations
were run for various densities of the weed and various velocities of rust pathogen spread. The results of the simulations indicated a crop-
loss ranging from 5 to 10% at levels of relatively weak D. carota–S. vulgaris competition. Density of inoculum sources and velocity of
P. lagenophorae spread had only minor eﬀects on crop loss. In contrast, density of inoculum sources and velocity of spread had major
eﬀects on crop loss at levels of intermediate (range of 10–35% loss) and severe competition (range of 30–70% loss). The results are dis-
cussed both with respect to biological control of S. vulgaris using P. lagenophorae as biocontrol agent and as a general model describing
the impact of the spatial dynamics of a pathogen (natural enemy) on plant competition.
Keywords: Plant competition; Spatial dynamics; Rust pathogen; Biological weed control; System-management approach; Senecio vulgaris; Puccinia
lagenophorae
1. Introduction
The system-management approach to biological control
of weeds evolved from a theoretical concept (Mu¨ller-Scha¨-
rer and Frantzen, 1996) to research close to practical appli-
cation (Grace and Mu¨ller-Scha¨rer, 2003). This approach is
based on the introduction of some infected weed plants as
an inoculum source into a weed population, and the subse-
quent spread of the antagonist over the entire weed popu-
lation (Frantzen and van den Bosch, 2000). Such an
epidemic results in reduced competition between crop
and weed (Frantzen, 2000). Whether this relief is suﬃcient
to prevent crop losses depends on (i) the severity of crop–
weed competition as aﬀected by a pathogen, (ii) the velocity
of spread of the rust pathogen, and (iii) the density of
infected plants introduced (Frantzen et al., 2001). An out-
line for a crop-loss model including these factors was pro-
posed. Here, we shall establish and parameterize it for a
system composed of the crop Daucus carota L., the weed
Senecio vulgaris L., and the latter’s natural antagonist
Puccinia lagenophorae Cooke.
Severity of plant competition can be quantiﬁed using
various methods. Here, we use a so-called response-surface
analysis (Firbank and Watkinson, 1990) as extended by
* Corresponding author. Fax: +31 20 6425085.
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Frantzen et al. (2001) to measure the impact of P. lageno-
phorae on D. carota–S. vulgaris competition. No other
study has been reported yet that quantiﬁes the impact of
a pathogen on plant competition using response-surface
analysis. Application of this design is labor intensive, but
unless other methods, it provides insight into the impact
of a pathogen on plant competition over a large range of
densities and proportions of the competing plant species.
The velocity of spread of P. lagenophorae is about
8–10 cm per day assuming a radial expansion from a point
source at a constant velocity (Frantzen et al., 2001, 2002).
The velocity can also increase linearly, or even exponentially,
with time resulting in velocities of spread > 10 cm (Frantzen
and van den Bosch, 2000). In the model presented here, we
shall include slower and faster spread of P. lagenophorae to
account for variability in velocity of spread in the ﬁeld.
Severity of plant competition and velocity of spread of the
rust pathogen set the scene for biological control following
the system-management approach. Both severity and veloc-
ity will depend on prevailing biotic and abiotic conditions at
a farm. Neither biotic factors like the genotype of the weed
nor abiotic conditions like temperature are easy to manage
by a farmer. The easiest way to speed up infection of all
plantswithin apopulation is to introduce additionally infect-
ed plants as inoculum sources. The density of inoculum
sources is, therefore, an essential factor to achieve successful
biological control. We shall simulate loss of D. carota as
function of density of inoculum sources given various levels
of severity of D. carota–S. vulgaris competition and various
velocities of P. lagenophorae spread.
2. Materials and methods
2.1. Study system
The crop D. carota is sown from early spring until
autumn and depending on variety, carrots can be harvested
within 2–6 months after sowing. Here, we used the variety
Napoli that can be harvested within 2–3 months after sow-
ing under common ﬁeld conditions in Switzerland.
The predominantly selﬁng annual S. vulgaris is an espe-
cially serious weed in crops with relatively short growing
periods likeD. carota, i.e., under conditions with a high dis-
turbance frequency causing bare soil. Crop losses due to
abundance of S. vulgaris are commonly reported by farmers,
but have so far only been reported in the literature for Lact-
uca sativa L., lettuce, (Paul and Ayres, 1987) and D. carota,
carrots (this study). The Swiss maternal line ELS of S. vulga-
ris (Wyss, 1997) was used throughout the study.
The life cycle of the rust pathogen P. lagenophorae is
comprised of the asexual stage of aecidia within Europe
(Frantzen and Mu¨ller-Scha¨rer, 1999). The fungus survives
as mycelium within plants of S. vulgaris over winter, aeci-
diospores are produced within the aecidia in spring, and
these aecidiospores spread to other parts of the infected
plants or other plants within a population. The mortality
rate of P. lagenophorae over winter is very high and, in
general, no or only a few infected S. vulgaris plants are pres-
ent to serve as inoculum sources for a P. lagenophorae epi-
demic within a S. vulgaris population in spring (Frantzen
and Mu¨ller-Scha¨rer, 1999; Leiss and Mu¨ller-Scha¨rer, 2001;
Paul and Ayres, 1986). Increasing the number of infected
plants, i.e., the number of inoculum sources, within a S. vul-
garis population in spring is one way to induce and stimulate
P. lagenophorae epidemics controlling S. vulgaris. The Swiss
line ELS of P. lagenophorae, derived from a single aecidios-
pore (Wyss, 1997), was used throughout the study.
2.2. Model
The average yield per crop plant, wcr, at any harvest
time t can be described as a function of intraspeciﬁc com-
petition, interspeciﬁc competition with a weed we, and
impact of a pathogen on competitiveness of the weed
(Frantzen et al., 2001),
wcr;t ¼ wm;cr;t=1þ atðNcr þ etrtNweÞ; ð1Þ
where wm is the estimated maximum yield (in g) of a crop
plant cr at harvest time t (in days after sowing) growing
without competitors, a (in cm2) is a competition coeﬃcient
describing intraspeciﬁc competition of the crop, N is plant
density (in number per cm2) of crop and weed, respectively,
e the ratio of intra- and interspeciﬁc competition, and r the
reduction ratio of interspeciﬁc competition due to attack of
the weed by a natural enemy. The possible range of r is 0–1.
Intuitively, the value of r will be lower the longer a plant is
attacked by a pathogen. For example, if parameter r is a
linear function of period of attack as suggested by the re-
sults presented here (see Section3 ), equation (1) becomes,
wcr;t ¼ wm;cr;t=1þ atðNcr þ etð1 bðt  t0ÞÞNweÞ; ð2Þ
where t 0 is the time of attack (in days after sowing) of the
weed by a natural enemy and, assuming the attack contin-
ues as is the case for pathogens like P. lagenophorae, t–t 0 is
the period of attack by a natural enemy until harvest of the
crop. The regression parameter b indicates the decrease of
et, the longer the period of attack by the rust pathogen is.
In biological terms, the damage to the weed will be larger
the longer it is attacked by the rust pathogen.
The area of a host population occupied by a fungus
spreading at a constant velocity from an inoculum source
is after a time t 0 (van den Bosch et al., 1988)
A ¼ pðct0Þ2; ð3Þ
where c is the velocity of spread in cm per day. In turn, the
time can be calculated at which a speciﬁc area A (cm2) of
the host population is infected. Assuming a uniform distri-
bution of inoculum sources, the area A is proportional to
the density of inoculum sources and equation (2) becomes,
wcr;t ¼ wm;cr;t=1þ at Ncr þ et 1 b t 
ﬃﬃﬃp
Ni
p
c
 ! !
Nwe
 !
;
ð4Þ
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where Ni is the density of inoculum sources in number per
cm2.
The average yield per crop plant without interspeciﬁc
competition would be,
wcr;t ¼ wm;cr;t=ð1þ atN crÞ: ð5Þ
Crop loss Y at harvest time t (in days after sowing) can
then be deﬁned as,
Y t ¼ 1 equationð4Þ
equationð5Þ
 
 100% ð6Þ
2.3. Competition parameters
Competition parameters a, e, and r were estimated for
the study system in a greenhouse experiment. Seeds of S.
vulgaris and D. carota were sown into 11-cm-diameter pots
ﬁlled with nutrient-amended peat (Floragard, TKS 2). A
range of densities and proportions of seeds of the two spe-
cies were assigned to the pots based on a series of 5, 15, 25,
35, 45, 55, and 65 seeds of each species resulting in 72 = 49
combinations, and each combination was randomly
assigned to a pot. In the following, we refer to the 49 pots
as one series. Four series were established and the pots of
these four series were randomly assigned to a position on
a bench in the greenhouse on March 7, 2000. Pots were
kept wet by watering from below. In addition, seeds were
sprayed daily with distilled water in the ﬁrst week after
sowing to stimulate seed germination and establishment
of plants. Series of plants were inoculated with aecidiosp-
ores of P. lagenophorae, (i) at 2 and 3 weeks after sowing,
(ii) only at 3 weeks after sowing, (iii) and (iv) not inoculat-
ed serving as controls. Aecidiospores were sprayed with a
de Vilbiss sprayer and plastic bags subsequently covered
pots for about 16 h to maintain high humidity for germina-
tion of the spores and subsequent penetration of a host
plant by the fungus. Plastic bags also covered plants of
the noninoculated series during this period. The light peri-
od in the greenhouse was ﬁxed at 16 h a day by using sup-
plemental light of HPI-bulbs in the early morning and early
evening. Light intensity, temperature, and relative air
humidity were recorded continuously. One control series
was harvested at 4 weeks after sowing, but maximum bio-
mass per pot was not yet achieved. This series was, there-
fore, discarded from further analysis. The other three
series were harvested at 7 weeks after sowing and plants
of S. vulgaris produced abundant seed at that time. The
numbers of D. carota and S. vulgaris plants were deter-
mined for each pot and the fresh weight of the D. carota
roots, i.e., the carrots.
Competition parameters a, e, and r were estimated using
equation (1) in an iterative procedure of nonlinear regres-
sion. The routine of the Statistical Package for Social Sci-
ences (SPSS, version 10) was used. Estimates of the
parameter r were linearly regressed against the period of
infection t–t 0 to obtain parameter b (cf. equation 1 and
2). Parameter r was set at 1 for plants not infected, i.e.,
t–t 0 equals zero. A linear model was chosen being the
simplest model having only three points to ﬁt a model.
2.4. Simulations
Crop loss as function of the inoculum density D was
simulated using equation (6) and the best estimates of the
parameters a, e, and b from the greenhouse experiment
(see above). Simulations were run using a density of 350
D. carota plants per m2, which is a commercially used den-
sity of this crop. Density of S. vulgaris was 100, 350, or
1000 plants per m2 representing relatively weak, intermedi-
ate, and severe crop–weed competition. The velocity of
spread of P. lagenophorae was set at 5 cm per day, 10 cm,
or 20 cm representing a relatively slow, intermediate, and
fast spread. The velocity of 10 cm per day is the best esti-
mate of a study presented elsewhere (Frantzen et al.,
2001, 2002).
3. Results
3.1. Competition parameters
On average, 62% of D. carota seeds germinated per pot
in the greenhouse study. The range of germination was 9–
100%. Sixty-eight percent of S. vulgaris seed germinated on
average per pot with a range of 0–100%. Correlations
between number of seeds sown per pot and number of
plants present at harvest were relatively high, i.e., Pearson’s
correlation coeﬃcient within a range of 0.82–0.93 depend-
ing on species and series, and all correlations were signiﬁ-
cant (P < 0.001). Seed densities were entered into Eq. (1)
and predictions of carrot weight based on this model well
ﬁtted data of observed carrot weight as indicated by an
approximate linear relationship between predicted and
observed carrot weight (Fig. 1). Interspeciﬁc competition
was more severe than intraspeciﬁc competition as indicated
by a value of e signiﬁcantly higher than 1 (Table 1). Infec-
tion of S. vulgaris by P. lagenophorae reduced severity of
interspeciﬁc competition as indicated by values of parame-
ter r signiﬁcantly lower than 1. The impact of P. lagenopho-
rae on interspeciﬁc competition was larger when S. vulgaris
plants became infected relatively early, i.e., rt1 lower than
rt2, but this eﬀect was not signiﬁcant.
Regressing the parameter r against the period of infec-
tion resulted in a regression slope b of 0.02 (SE 0.001)
and the slope diﬀered signiﬁcantly (P < 0.01) from zero.
The regression was based on only three points, the param-
eters rt1, rt2, and r = 1 if plants were not infected.
3.2. Simulations
Crop loss could be reduced to a level below 20% using a
density of 2 to 3 inoculum sources per 10 m2 at relatively
weak crop–weed competition (Fig. 2A). The density of
inoculum sources and the velocity of P. lagenophorae
spread had a minor eﬀect on crop loss. In contrast, density
3
ht
tp
://
do
c.
re
ro
.c
h
of inoculum sources and velocity of spread had major
eﬀects at levels of intermediate competition (Fig. 2B).
Two inoculum sources per 10 m2 were suﬃcient to keep
crop loss within 20% at a relatively fast spread of 20 cm
per day whereas 10 were required at a velocity of 10 cm
per day. A slow spread of P. lagenophorae did require more
than 10 sources 10 per m2 to keep crop loss at 20%. At lev-
els of strong competition, more than 10 inoculum sources
per 10 m2 were required to keep loss at 20% independent
of velocity of P. lagenophorae spread (Fig. 2C).
4. Discussion
Five parameters were included in the biocontrol model
presented here, wm, a, e, b, and c. Biotic and abiotic factors
inﬂuence each of the parameters. All parameters were esti-
mated under one set of conditions either in the competition
experiment presented here or a study presented elsewhere
(Frantzen et al., 2001, 2002). The estimates of the parame-
ters may, therefore, diﬀer among sets of conditions. How-
ever, crop loss of D. carota as a function of inoculum
A
B
C
Fig. 2. Simulations of crop loss as function of density of P. lagenophorae
inoculum sources. Simulations at relatively mild levels of crop–weed
competition, i.e., 100 S. vulgaris plants per m2 (A), intermediate
competition, i.e., 350 S. vulgaris plants per m2 (B), and severe competition,
i.e., 1000 S. vulgaris plants per m2 (C), and various velocities of
P. lagenophorae spread. The straight line indicates 20% crop loss and it
has been added to make the diﬀerences between (A), (B), and (C) clearer.
Fig. 1. Observed and predicted weight of carrots in a greenhouse study of
the competitive interaction between the crop D. carota and the weed
S. vulgaris as aﬀected by the pathogen P. lagenophorae. Predictions based
on a model of which the parameters are presented in Table 1. Data
presented on a log–log scale to better distinguish individual points.
Table 1
Estimates and 95% conﬁdence bounds of parameters of a competition
modela for Daucus carota in competition with Senecio vulgaris
Parameter Estimate 95% Conﬁdence interval
wm,t (g) 5.4 3.2–7.6
a (cm2) 13.2 6.1–20.4
e 2.2 1.2–3.3
rt1
b 0.16 0.09–0.24
rt2 0.33 0.18–0.49
a wcr,t = wm,cr,t /(1+(at · (Ncr + (et · rt · Nwe)))).
Where wcr,t is the average weight of a carrot in a pot at t = 7 weeks after
sowing, wm is the estimated maximum weight of a carrot from a crop plant
growing without competitors, a a competition coeﬃcient describing
intraspeciﬁc competition, N seed density of D. carota and S. vulgaris,
respectively, e the equivalence of interspeciﬁc competition, and r the
reduction of interspeciﬁc competition due to attack of the weed by a
natural enemy.
b Plants of S. vulgaris were relatively early inoculated and inoculation
was repeated (rt1), or plants were inoculated relatively late and only once
(rt2).
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source density was simulated varying both the severity of
crop–weed interaction, as expressed by the density of the
weed S. vulgaris, and the velocity of spread of the biocon-
trol agent P. lagenophorae, as expressed in c. The variation
in these two key components of the model may already
reﬂect much environmental variation inﬂuencing the ﬁve
model parameters mentioned above. We therefore assume
that some general statements about the eﬃcacy of
P. lagenophorae as biocontrol agent of S. vulgaris in D.
carota crops can be made.
The biotrophic pathogen P. lagenophorae requires liv-
ing host tissue to grow and reproduce. It can, therefore,
not be produced in large amounts limiting the number of
inoculum sources that can be used to control a S. vulga-
ris population. The system-management approach to bio-
logical control was especially proposed for the use of
such biotrophic organisms as biocontrol agents (Mu¨ller-
Scha¨rer and Frantzen, 1996). Here, we assumed that a
density of P. lagenophorae inoculum sources higher than
10 per 10 m2 is out of practical order. Keeping this limit
in mind, P. lagenophorae epidemics can be used for
S. vulgaris control at levels of weak competition between
S. vulgaris and D. carota accepting 5–10% crop loss. A
relatively low severity of competition can be expected
at low S. vulgaris density, i.e., 100 plants per m2, as sim-
ulated in the present study. At an intermediate level of
competition, biocontrol is only possible accepting higher
levels of crop loss, i.e., 10–35%. Only at a relatively fast
spread of P. lagenophorae, i.e., 20 cm per day, crop loss
may be around 10%. Such a velocity is not unrealistic
(cf. Frantzen and van den Bosch, 2000), but we do not
know yet the range of conditions under which such a
velocity can be achieved. At a level of severe competition
crop loss will be at least 30%. Such levels of crop loss
were indeed observed in ﬁeld experiments conducted at
ﬁve farms in Switzerland (Grace and Mu¨ller-Scha¨rer,
2003).
The use of P. lagenophorae for control of S. vulgaris was
suggested nearly 20 years ago by Paul and Ayres (1986). In
a series of studies they demonstrated the negative impact of
P. lagenophorae on S. vulgaris. Among others, a strong
reduction of interference was demonstrated between S. vul-
garis and, the wild plant Euphorbia peplus L. (Paul, 1989),
the crop L. sativa L. (Paul and Ayres, 1987), and the weed
Capsella bursa-pastoris (L.) Medic. (Paul and Ayres, 1990).
The negative impact was always determined for S. vulgaris
plants infected completely and at a relatively early stage of
development. The simulations of the present study indicate
that this early and complete infection is a conditio sine qua
non for achieving a zero level of crop loss. However, the
use of P. lagenophorae as biocontrol agent may be comple-
mentary in situations where chemical control does not, or
insuﬃciently, control S. vulgaris (Frantzen et al., 2002).
In such situations, even a crop loss of 30% might be accept-
able knowing the low costs of using P. lagenophorae
(Frantzen et al., 2001) and the high level of crop loss
having no control of S. vulgaris at all.
The model presented here might serve as a general mod-
el describing the impact of the spatial dynamics of a natural
enemy on plant competition. The empirical part of the
model describing crop–weed interactions was proposed
by Watkinson (1981) and subsequently extended by Frant-
zen et al. (2001) to include eﬀects of a natural enemy on
interspeciﬁc competition. The model without this extension
has been thoroughly validated and it is suitable to describe
competition between species over a large range of plant
densities and proportions taking into account intra- and
interspeciﬁc competition (Law and Watkinson, 1987;
Watkinson and Freckleton, 1997). Here, we present data
to validate the extended model with respect to the impact
of a natural enemy on the competitive interactions. The
model ﬁtted well and parameters of the model could be
estimated quite precisely. Estimates of the parameter r
expressing the impact of a natural enemy on interspeciﬁc
competition could be obtained for the ﬁrst time and these
indicated a signiﬁcant impact of P. lagenophorae on compe-
tition between D. carota and S. vulgaris. The parameter r
was closely related to the period that plants were infected,
i.e., the longer the period of infection the smaller the value
of r and thus the more reduction of interspeciﬁc competi-
tion as expressed by parameter e. The estimated linear rela-
tionship should be regarded with some caution. Only a few
data points were available and a linear relationship close to
r = 0 is unlikely as P. lagenophorae could not kill the host
under the conditions of the greenhouse experiment. The
relationship between parameter r and the period of infec-
tion, or period of attack by an insect, needs to be investi-
gated with respect to other systems. Once a function
describing the dynamics of the impact of a natural enemy
on plant competition established, the spatial dynamics of
the natural enemy, as expressed in the velocity of spread
c, can be included in the model. Including parameter c
assumes spread of an organism at a constant velocity. This
assumption holds for many organisms after an initial peri-
od of spread at accelerating velocity (Shigesada and Kawa-
saki, 1997; but see Frantzen and van den Bosch, 2000).
As for any model, the model presented here does not
serve as an exact description of reality. The interactions
between the three organisms of the study system depend
on too many biotic and abiotic factors to be described in
a simulation model. However, we could estimate the bene-
ﬁts of a farmer using P. lagenophorae as biocontrol agent at
various levels of severity of competition between S. vulgaris
and D. carota. Moreover, we provided an outline for a gen-
eral model describing the impact of the spatial dynamics of
a natural enemy on plant competition.
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